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INTROS UCTION 


Engineering study of the possibilities of the gas turb- 
ines as a drive for ship propulsion has been conductec in this 
country by various large industrial firms. Various arrange- 
ments have been considered including the electrical and 
hydro-mechanical transmissions. The princinle éifficulty 

in the Gevelopment of an efficient gas turbine hes been 

the neec for high temprature alloys. This cifficulty has 
been overcome with the introduction of various stee} alloys 
such as 16-256-6 and the Cobalt-Chromium-Columbium alloys. 
The introduction of these metals hes now put gas turbine 
Gevelopment on a par with the larger steam plant develop= 
ments. For ship drives the combustion gas turbine cycle 
offers efficiency ecual to the best maritime — power 
plants, which have a maximum over-all efficiencies of 

about 25%. Weight and space requirements of equipments 

are a serious factor in this application. The gas cycle 
eliminates the steam generator, the steam concenser. “ith- 
out coubt the gas cycle plant will offer a ceciced cecrease 
in weicht and spac e recuirements, cespite the air compress- 
or, the regenerator, anc the gas turbine. 

Although gas turbine cycle efficiency is comparable with 
steam plant efficiency the gas turbine is esvential'y a point 
Cesign. Great Savings in weight and space recuirements are 
effected by gas turbine installation. The point design of 
a gas turbine is that point at which maximus efficiency is 


obtain ed. Any excessive variance from this cesignec point 


Le 


(iL.e., partial load) brings a corresponcing decrease in the 
system efficiency. This factor is readily uncéerstood when 
we com e tc consider that compressor cesign in its present 
stage of development can vary little from its cesignecd load 
without seriously decreasing the c ompressor efficiency. 
Thie also applies to some extent to the turbine efficiency. 
Various methocs have been proposed to increase the effi- 
clency of the gas turbine cycle at partial loa d. The use 
of separate turbines improves the partial load performance 
Since the compreccor anc its drive turbine can operate 
independently at their optimum designed speed regardless 
of _ speed or loac requirements of the major power turbine. 
It has been proposec that for ship manoevering condi- 
tions that rapic acceleration may be obtained by employing 
ea by-pass valve ahead of the power turbine in operating the 
compressor at full load. Any excess sas not recuired by the 
power turbine for any given load under which it may be oper= 
ated can be Gis charged to the atmosphere through the by~pass 
valve. The closing of this by-paes vaive and thus sending 
thie bleer-off air again to the power turbine will produce 
meximum torcue characteristics. It has been noted that 
marine prop#lier torque speeded characteristic s are such 


that curing reversing onerations while the propeller is 


*Dr. J.T. Rettaliata "Gas Turbine# Fower January 1944 
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Still rotating ahead the maximum torgq ue reauirements for 
reversing occur at approxima tely 40% of the normal shaft 
speed. The torque speed chara cteristics of the ges ture 
bine can fullfill this condition;the gas turbine will 
thus have approximately the same acceleration and power 
characteristics as the present day marine steam turbine. 
Present day gas turbine plants yeild good efficiency 
and flexibility from 75% full load to full load. It is 
the purpose of this paper to investigate the possibilities 
of taking this bleed-off air as proposed and passing it 
through a separate turbine est. This turbine wheel will 
of necessity be isolated from the high temperature wheels 
cue to the high temperature differential. Since compress=- 
or stability anc comorescor-burner stability are important 
factors in flexibility control the interpreta ean of this 
ana lysis will yeild the important information which will 
make bleed-off analysis feasible; this will be undertaken 
and presented. The added increase in efficiency in the 
vicinity of 4+ load will be investigated with various 
types of gas turbines as exist in present Cay development. 
The author will endeavor to find the most aporopriate gas 
turbine unit which will yeild the optimum concitions for 
flexibility and efficiency for gooé partial load charact- 


eristics. 


I. GeNBRAL COKTRESSOR CTABILITY CONDITIONS 
WITH BLckhD-OFF AIR 

A. In the analysis of the gas turbine flexibility 
as procoseé we must of necessity reflect and cevelop the 
effects upon the system as a whole, and in meacure upon 
the incivicual »carts of this system. Under given con- 
citions encountered in actual practise 1t is known that 
a continuous flow ¢ omipressor coupled with a burner and ful 
fuel system may become unstable. It is of utmost imp- 
ortance that such c oncitions be understood, for often it 
becomes @ major limitation in gas turbine design. The 
author wishes to present the development of compressor 


of bleec-off air as proposed. 
HP ttt te | 


stability with consideration 
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— purine & transient Fictavbane’ eo nce tint the 
rate of fiow entering equals the rate of flow leaving 
plus the rate of storage. The instantaneous conditions 
durin g the cisturbance are Wy sa sWy and P, wher e3 

(1) ui, =¥,™ rate of flow entering 


(2) 58 rate of flow leaving 


(3) Ws rate of storage 
dt 


Sinc e We FV equation (3) becomes 
nRT 


4 


PY 
(3a) a(nRT)s rate of storage 
dt 


Th us we can sta te B in the following manner: 
PV 
(4) W4-,= Wafe( oR?) 


Ce The variation of weight flow thru the system with 


pressure can be expressed by the general curve as shown below. 





Ws 
Now letting WorPy mumveoent any initial steady state cond= 


itions, we can express any change in Wj , W,)-¥, and Wawith 


pressure as dW where 
a 
(1) aW s Wy-%, 
ap P=Po 

and, 

(2) (Wy-Wo)= d¥y (P-Py) 

dP 
(3) (Wy-W,-W) = = Slants) (P*P,) 


(4) (Wa-Wo)= sme (P-Po) 


We can now state equation B(4) in terms of va riations in 
flow from the original steady sta te conditions: 


_PV 
(5) (Wy -Wy-W= (Wo-")) #4 Re 
Or, at 
“: a PV 
(6) a(Wj-Wy) (P-Po) = aN (P=P,) # (nRT) 
ét 
Simplifyin g, 


-P))= (P=Py) ay (P=P,) “aR 
(7) Lat | (PP) ave og Gy < 


At this point let us assume that there is no variation in 
temperature with pressure. We know this to be untrue, but 
maxe the assumption for the sake of simplicity in the anae- 
ig@ics. With this assumption, equation C (7) may be simpli- 


fied to: 
(8) @P . nRT (aw), . ave awx a aw) dW. 
at az (ig ap ae a ro( SER - at “at 


Upon examination we see that equation C(8) is in the form 
of a linear cifferential eauation: 


(9) SB # aps 


The solution of this type — can be accomplished by 
multiplying ecua tion C(9) by E™* to obtain: 

(10) #4? ap f ape’? = pes? WHERE 

{i1) AT 

(11) tee’) pe** 

(12) voit = peTat 4 cy 

T 
3) P 
(13) ef = 25 AT fa 


(144) PB y-ce** 
& 


Now applying this intergrating procedure to equation B(8) 





we obt ain: 
nRT (SS - ay . aw : 
(15) P= Pof# cE Yo\ oP dP ar 
OP, Wort - 1 1 
aP Wo dP Fo P 
(16) PaPof 68° Po aw = P, av, 
se __nRT GW, ~aRT at 8 Tit 
Vv ap Vv vy ep 
(17) PsP)CzE E LA 
_ ORT re avy 
Y here: BE ov dP and Eg Y ap define the character- 


fetice of the loa and - —. a defines the characteristice 
of the compressor. E 


aw) 


Te 


De. ignificance of “athematical Results. 


Let wus examine a typical Preseure versus VYelight of 


Air Delivereé Curve, 


PrP 
VW 
The nRT ay and nRT @¥ Gefine the characteristics of 
Vv ap Vv ap 
the load asc stated above, and we know that NRT aw is 


Vv P 
always positive irrespective of the load. Therefore in 


analysis we notice that the ORT GW. Will yeild to the 
System the same effert as that sioeeed to the system by 
nRT yg Daving negative slope stability for the coupressor 
a result for the exponent of (EB) in our equation (17) 
W1ll! be negative ane any disturbance to the system will 
be Ga mped out. Now noting that ORT av ca rries the 
same sign as nRT aWio it always wilt ~<7 to stabilize 
the systea, ane cM, aa to the system will also 
tend to camp out. Thus upon the basis of this analysis 
we are encouraged to investigate further this proposal 
of bleec-off air for flexability, for it shows decided 
possibilities. 

Let u® *hen Boternine the significance of the tern 


Which defines the characteristics of the compressor, 


DRT 3 


i 


Vv 


ct 


- For good Stabllity characteristics this term 


O, 


P 
Wy 





OQ» 


om 


must remain negative, for if the term goes thru zero 

an ¢ the slopebecomes slightly positive, the exponent (£) 
of equation (17) will become plus and any disturbance 
will be amolified. 

With the promirinz results of the stability effects 
of the rronosed bleec-ff; it is the purpose of the author 
to present in this and the following sections the effects 
of this bleed-off on the efficiencies anc outputs of var- 
ious gas turbine installations as proposed for present day 
power installetions. It is to be remembered thet the 
procosal of bleed-off is one which will be uneertaken at 
lo#cs boelow full load with en eye to increasing the effe 
iciency by sending this bleed-off air thru a separate 


turbine wheel on the power unit. 


Ge 


TI. 





A. Referring to diagram in section I; during a 
trangient cisturbdance the rate of fiow entering equais 
the rate of leaving plus the rate of storaee. 


Where: Wy, and P a re the inetantaneous conditions 


"2," 
Guring the éisturbance and, 
(1) W )-Wys rate of flow entering 
(2) Wo s rate of flow leaving 
(3) aW = rate of storage 
gt 
Since ® 2 PY eguetion (3) becomes 
nit PY «= rate of storage 


(Se) ¢@(nRT) 
therefore, from As PV 


d(nkT} 
(4) W,-W,s Wy Af at 

The variation of weight flow thru the eysten with preseure 
variation can ve expressed by the gencral curve as show 
in Section [eC. Letting Wo,Po, represent any initial 
steacy satate conditions, the slope of the  urve villi be 

W4-¥, . al 

PoP, * ~aP 
or, (5) Wye (P-P,) amy f Wo 


(6) Wor (P-PQ) ara # Wo 


(7) Wye (FF) a f %, 


ane evbetituting eauati onan 5,6, end 7 in 48 





| PV 
(P=P,) i f Nig = (PP) ave f % # (PePo) aly 4M, f Ser 
ap 


Sinee both pressure and temperature vary with time the rate of 


10. 


storage = ORT s V a - PY | + an: asain (8) 
at nRT dt nRT- dt 





It is to be noted that the usual pressure-weight flow 
curves for a compressor are taken for steady state condi- 
tions anc can not be taken directly to predict transient 
conditions for they do not take into con sideration inertia 
effects. One method of including such effects is to put 
forth the fact thet during a transient condition, a compe 
ressor wilil dceliver air at a pressure P where 

(9) Pe 7s and P) is the pressure obtained 
neglecting inertia effects; I ag, is the in ertia effect. 


ct 
Now toe rate of pressure change in the system becomes: 


(10) @P . @P, aWy- 7a°W 
dt avy dt & 


Setting up & heat ba lance for the system 

(11) (Wy-W,) C, (Te?) = wH; 
where H is the heating value of the fuel. Diff erentiating 
equation (11) with respect to time; assuming T, = constant 


(12) (¥ysttg dey m* Cp( T-T}) (ay a avy) . H dw .H aw GP 


ét dP at 
(13) at. _ 5k oe -te av, Gwy 
dt “(WH-W)c, at -W,) at at 
dv Ge GF = J-T (aN wax aP 
* THs “x)C), ap (W -¥,) 
Wit h equation (13) substituted in (8) rate of storage zx 


V_. ép . PV - £3 (52 aW, . dix 
nRT ¢ noes (ae F dt ; —= | 


: 


lle 


or rate cf storage = 
2 


(14) 1/ ¥ — PVE dw aP, dW, = I a@w 
(4 Rr (Wy) -W,) Cy % )( “at <a | f 
PV (T-T,) (a, -aW,) 
nRT (W-We) (ae ae) 


If t he burn er is operating at velociti¢es high enough to be 


nea r the acoustic W2(T.)? a constant 
PA 
or Wo ae P and taking J1n we have: 
KUT 


In Wos in K # ln P = gin T 
taking the differential: 


(15) GWo , GP _ 3 aT 
% =P " + and 


(16) @% , War _W%Q aT 
PO T 


In analysis: At the onset of any transient with the changes 
of W, T, and P ‘from the steady sta te values are small; 


thus we can intergrate equation (16p) 
(16a) dW, - Wo dP _ Tp { 3 dwaP _ T-T, GW,<aM ap 
Ss - 2 lowe @ aa oo 


p i “2s 


(16b) d¥a, ( We Pa ie H dw il f Wp (2-14) (dW, dW) 
_ C5 1 7Wx ap yd W4- x 


(17) Wo-", = | . ie _ p=-P, # (Ta-T2) (a=) 


From equ at ion 9 





(18) PePp = (Py-Po) - ; GW] anc for suall changes 


(19) Pz7Py 3 (Wy -%) GP, and substituting equation (19) in 


dw 
equati on (18) . 


12. 


(20) P-Poz (¥4-%,) oF - I diy anc from equation (20) 
aWy at 


ané eauation (17) 






(21) Wp-Wy =( 5 _ a aw (Wy=Wo)aP, _ iy 
PS Pq “pe Wy =))( aw, tae= | # 
(fT -T,) (#7 4-Wo) 
et, wrx 
(2la) Wa-¥ 52 | Wo . H aw ( (P).“Py)- v aw, \f 
P, To G, W4-"y) aP aE 
(T.°T,) (W,-W2) 






aT. 


(22) Wa-¥ = Wo « ’ W mJ gw ai f# (To~T) (Wi <Wo) 


(ta = é i a aw} 
o 
During 2 transient condition equation (1) become s 


Wy: “Wy 





(23) (1-9) =(We-Wo) 4 (W,-¥,) f rate ef storage 
anc new substituting equations (22) ane (14), we obtain the 
follow ing result: 


(24) fat ™ C( Wy Vp) | by av 


PoV Balt acral 








1 | V Pal or | 
n \ RT, RT 9“ (Wy “Wx oP 


6 
© 


= \F w» FoV 
n \ RR RTo* Guar aP e | 


13-6 


We shall review for a moment the solution for second order 


differential eocuations. Equation (24) may be written 


(25) 82 (4) -¥o) z a d(¥1-Wo) x b (WW) a @ 
et et 


an? assumine (W, -W,) - x thus (25) becomes 


(26) a@@x f£ a ax Z# w(x) sO 
at dt 


Let operator D » a and “= 42 therefore: 
ate ate 


(ne4 ad £ bd) xm O 








Fetting ne far#F bd = 0 
mf 2 4 |I2 a= Hh, Daf g -fey° aa 
5 Yo 2 2 
Pee-ay?-P]*} fe 4a 4] Ble ->| xe 
5 “(5 : 3 
ay ? > a 5 e -b “yy = 0 




















multinoiying by & 


EB ay Atg- 
ct e 


{2 -| 


% 
2 |” 
. - b t 
Is ; 








iS 
2 
































dyke - 9 
at 

a. afP- >is 

a |/3 
ys = © 

J. 
rn {-2 + pf rie 

ax f fa yilal® - vf? (x, ae lL 2 2 
at 27 | \2 


Re 





L$! {°° 














if - 
Cok 















































Xs Gye # 
i A 
and a t i *- Pe -Ilal 2 = vl®(t 
2 2 2 
(26) W,-Wo= 5 Cyz f Cok 
and with the aid of equation (12) we obtein the following 
reeult 
(22) 2 & Eon IRTOW, LPs aw TQ,~T To=-T | Wy ap 
aaa sea NS “2. i pin (T 
ol} Fo WGP “eTo | = nt | 2Po 4 if wd 
, - 20 & (grt) 
w oP To 
(29) l-lg 4P 1 - Bo aw ToT} To°T} 
> att 17x) w GP 2T 4 aT 
be O O O 
Wi | i+ Bb aw T.-t 
nATo " GP . 
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Be. The significance of reslts obtained frog the meth- 
ematical development in “ection II A may be *tatece ae follows, 
Guation (26) is the atability eavation @né siit anmly to this 

eyitem as develoned if the magnituce of toe cicturbance is not 
to» great. In analysis when (a) reaainge a plus number any Gis= 
turbance to the system will be damped out; if (a) becomes a 
minus number any disturbance to the system will be amplified. 
Let us further examine our system anc the effect of air inertia, 


for we shal: later see that air ine rtia plays a very important 


‘part in the comprercor-burner stability. In the case of no 


burning at the burner T)s qT and n #= 1 ano investigating this 


effect on (a) we find 


(30) as IRT Nom ‘ 


2) 


, 


This ecvetion indicates thes the eftvect of air inertia an€ cvr 
bleec off ai: is to make posrible et ble crveratics witrout burn- 


ing, even where our slope of 4dPy is slightly positive. 


aC -F,) 


In stability to the system commences at the point when 


(31) ywwz)” Tpit IRT1Wo 


It is to be remembered that the inertia ef:ect 1s :ot an easy 
effect to calculate for it is a factor inhersnt to a given 
system. iowever it is important to remember that the inertia 


efrect wil! be ervrentially the came in case of 10 burning as 


lial 16. 


2s with burning, provided the flow anc pressure ere the same. 
The conéition for pulsation for @ given value of I 1s given 


by the ecuetion, (where ~ 20 


O5iob 


PNG Shay + ge(ape She, } (AE 
In analysis for ceases of low air inertia the effect of burne 
ing is to foster pulsstion (assume temperature ratio in come 
bustion chamber ecual te 5) in a system thet would otherwise 
be stable with no burning. To further examine this effect 
of burner temperature on stability let us connicer the limit 


of stability to a system with no air inertia , or 


ie a(¥, Wy) 
This yeilds, 


(33) (¥y-¥x) GP ToT] knowing gas storec in burner 
“Fo aC) 


To 
is PY ® 
nAT PY 


(34) & nakRT e _V a P at d( Wy -Wy) Wy -W. 
ap nRT = Fh “iy Ha 


Returnine to the orisins? heat balance equation (12) with ae 0 
dq 


(35) 4 T, = = te*%y 
att, Wy) mo 
This yellds — 
V o'i's 
(36) ‘ nk Vv LAS 
P i 


17. 


In interpretation, when the conditions in the system are such 
that equation (33) 1s satisfied from equation (36) we observe 
that an increase in pnressure to the system is accompanied by 
an increase in flow weight storec in the burner. This is the 
Gesireé situetion, the stable condition. We may conclude 
from the above analysis that our proposal of bleed-off air 
ane its resultant effect on compres:or-burner stadility is 
one which shows promising application - for the effect is 


one which tends to maintain system stability. 


18. 


Iil., RE UT OF MATHEMATICAL COMPUTATIONS 


TAELEC END GRAPHS 


A. The gas turbine of the constant preesure combustion 
type comprises three components; the compressor, the combus- 
tion chember, end the turbine. Computations were first 
cearriec out for @ simple cycle, operating at full load with 
half loa. bleed-off. Curves were plotted representing eff- 
iciency versus pres«ure ratios of four, eight and twelve to 
one respectively. ~Curve I A} A heat regenerator was added 
to this cycle ané a curve of efficiency versus pressure 
ratio was also plotted for this cycle variation.- Curve I B:) 
The efficiency increase over these two systems due to the 
utilization of bleed-off air via the additional turbine wheel 
was plotted ahd is represented by curve I C and I D respect- 
ively. 

Be. ‘The simple cycle with and without regenerator was 
then subjected to the effects of compressor compounding of 
50 and 100%. The efficiency of this variation versus press- 
ure ratio is reoresented by curves II Al, and II B] for 50% 
cooling; curve IIA] without generator, curve II B] with ree- 
generator. The effect of the utilization of bleedeoff air 
is represented by curve II Ci for the system without regene- 


erator, and curve II Dj for system with regenerator. 


Ce The same procedure of labeling has been followed 


in the case of comprercor compounding 100% cooling. The 
curves ere of the set III anc are denoted by subscript 2. 

De. Ye then subject the simple cycle to turbine come 
pouneing; i.e. after the first atage expansion the gas is 
reheatec to its original temperature and then expandec in 
the seconé stage. The seme system of labeling as outlined 
in paragraph B of this section has been followec. (Curves 
IV Az, Bz, C3, D3) 

Be Curves V Ag, Bas Ch, DR, represent turbine com- 
pounding combined with compressor compounding 50% cooling. 

F. Curves VI Ass Bs, Cs, D5, represent. turbine con=- 
pounding combinec w ith compressor comrsuncing with 100% 
cooling. 

Ge It ins to be noted that T, S dlagrams have been 
draeyn representing the variocus complex systems on the 


curves to simplify the understancing of the curves. 





TYPE CF IW TALLATION 
' URE RATIC 








Eff. without regen erator (a) 





Eff. with regenerator (b) 
% increacc efficiency 

Eff. with bleec-off use (a) 
% inc resse over (a) 


Eff. with bleed-off use (b) 


% increase over (a) 
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A. Effects on the Simple Cycle. 
The resulte of the e@leulatlon with turbine enc compe 

rescor efficiency equal to 2.85, the turbine erflciericy of 

the seperate wheel ecurl te .60, and fog e@ruel to 15090 ¢cesrees 
R are given in Table A. It is to be noted that the temp- 
erature of the exheust caser le couprratively hitch ene it is 
cle ar thet utiliza tion of this exhaust het weuld increase 
the effic'ency of the basic cycle. This is possible by trans- 
ferr ing ae auch heat as ponsible to the compressed air 
delivered to the combustion chagh er. Thus by reducing the 
fuel consumption, the overall effickency of the cycle is 
laprovec, as is evidesre e¢ by curve I -B at a pressure 

ratio of 4 to 1. There is no increase in efficioncy at press- 
ure ratio 8 or 12 due to the high tempernture of the air 
after comeretsion ane the fact that to limit the size of the 
regenerator we aceume # mean tenprerature cifforertial cf 120 
degrees. Examining the effect of the utilization of bleed-off 
@ir in this simple cycle , we find thet the precominang& ince 
reare occurs in the wleinity of the preceure ratio of 4 to 1; 
emown by conperitsen ef evrve IA to IC, anc dy comparison of 


eurve IB te In. As the presevre ratio is further increased 


the efficiency effect (i1.e., net output B.T.U. per lb. of 

air) drops off consid er ably. At the higher pressure rabios, 
(i.e. 3 and 12 to 1) the compres-ion work increases rapidly, 
accounting for the snarp decrease in efficiency. This is an 
important fscter to remember in considering the effect of 
bleeé-off utilization upon the systems in general. The ine 


r ease .4 6fliciency tuo the basic systems is a dependent 


© 


fimetion, anf Genends upon the efficiency tendancies of the 
basic system. When this basic efficiency is such as to give 
large quantities of air at end of compression temperature for 
bleec-off utilization; the corresponding increase in efficiene 
cy wil! be high, as shom by curve IP es compared to curve IA. 
As pressure ratic is increased the efficiency of the basic c 
cycle Crops off (eurve IA); thus lece air is available for 
oleec-off utilization anc the eoreuependint increase in effe 


- it is te be noted that as the pressure 


a 


iciency @roos of 
ratio of comoression is increased the tenunertture of the air 


leaving the compressor pecomes higher and due to this higher 


Oo 


tesperature we are able to obtain more work from a given amount 
of bleec-off air, but the €ifficulty encountered lies in the 
fact that as the pressure ratio is increasecé in the basic 

cycle the overall cycle efficiency drops and less ané less 

air is available for bleed-off. Therefore we can see that the 
amount of air available for bleed-off utilization is the more 
imrortant consideration. This factor ic in evidence in the 


examinaticn of curves IA anda IC. 
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B. Effects on Compres or Compou nding. 
Referring to the curves II and III and checking Table 
A we fine that compoinding the comnreseor yields results 
showing a substantial increase in the efficiency of the 
respective cycle. This substantial increase in efficiency 
being greater the more efficient the intercooling (i.e.- 
curves IIA, comparecé to IIIAg; curves IIB, to IIIBj>) In 
analysis the increace is obtained from the reduction of 
compres*ion work, since the turbine work is essentially the 
‘game. In analyzing curve IIA,, 50% intercooling, it is to 
be rememberedthat in intercodling the temperature of the air 
entering the combustion chamber (T,)) is reduced; thus an in=- 
crease must be made in the quantity of fuel supplied to raise 
‘the temperature of the compressed air to 1500 cegrees RK. 


Therefore for presrure ratios up to 8 to 1 the efficiency of 
this cycle remains constant, the recuction in cosirrescion 

work being balanc ed by the increase in fue! cuantity. This 
reduction of ccompresrion vor: overcomes the Licrease in fuel 
in the system of 100% intercooling anc thus the efficiency in- 
creases to the prescure ratio of 3 to 1. Again the increase 
in efficiency (curves ITB, anc IIIBs) due te regenerator eff- 
ect is more effective at the lower pressure ratios where the 
net output in B.T.U. per lb. cof air is greatest. In the 


case of 50% intercooling the effect of utilization of bleed- 


off air is greater at lower pressure ratios (curve ID;) and 


and drops off rapidly when the pressure ratio is increased 
apove 4 to 1. Ther net oubput in B.T.U. per lb. of air in 
this region of increased pressure ratio drops accordingly. 
The stabilization effect to the system due to the regener- 
ator is noted in curve IIIBp5. The increase in efficiency 
in the cycle with 100% intercooling shows marked gains at 
the pressure ratio of 8 to 1, dropping off rather sharply 
after this peak is reached (curve IIICo) This general trend 
is followed in the system with 100% intercooling and regen- 
erstion (curve IIIDe) but is more or less modified in effect 
@ue to the complexity of the systems; for the cycle is not 
then denencent on one function for increese in efficiency. 
It is seen therefore that the effects of c cmpounding re- 
generation, anc utilization of bleed-off air ere a great bene- 
fit to the system, for a consicerable increase of out-put is 
S42inec. 

C. Effects on Turbine Compouncing. 

In this section the exnansion in the turbine hase been 
accomplished in two stages. The exhaust gases from the 
first stage are passed to a seconde bombustion chamber where 
fuel ils again introcuced anc burnec at constant pressure, thus 
restoring the original maximum temperature to the air. Upon 
invesetisati on thi: results in an increase of overall eff- 


iciency (curve IVAs)- The adced increase in efficiency due 
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to regenerator effect is cuite uniform (curve IV-B3) and 
follows the same general trenc of curve IV-Az. These curves 
ne a marked improvement in efficiency; the values at pre- 
ssure ratio of 4, the efficiency is increased from .089 to 
elll, @n improvement of 50.7 per cent. It is to be noted 
that when curve IA is compared to curve IV-Az 8t a pressure 
ratio of 8 the increase in efficiency Cue to turbine coup- 
ounding is from .978 to .106, an increase of 35.8 percent. 

In this system the a¢red increase dad ve to utilization of bleed- 
off air (curve IV-Cz) follows the same general efficiency 
— of the simple turbine compoundine system (curve IV-Az). 
The accumulative effect of accing the increase in regener- 
ator effect (curve IV-D,) brings the efficiency to a high 
level, following the general trené of curves IV-BB and TV=G3 
It is interesting to note that the peak effic iency of thie 
syetem with ite vericus modifications cerure in tre viciiity 
of mrescvre ratio of 8 to 1. The cotted curve above curve 


IveDs is the curve IV-D, modified by recalculation, found 


nececsary cue to inaccuracy of average Cp in this region. 


D. Effects on Turbine Compouncing anc Comeressor 
Compouncing. 

In consiéeeration of the benefits obtsinec fron separave 
compounding of the compression (series curves II ane YII) ane 
turbine cosipounding (eurve IV), it is pro osed in this section 
of the paper to consider a cycle in which the compressor air 


is com»nounéeda anc the turbine gases are compounded anc the 


turbine gases are comvouncecé. To make reasonable comparisons 
in this study of f lexibility the same assumptions were made 
with respect to turbine efficiency, compressor efficiency, 
temoerature of gases, ete. In this study curve V represents 
50% compressor intercooling ané turbine compounding and Curve 
VI represent 100% compres or intercooling anc turbine comp- 
ounding. ‘“inee this cycle proposal is by far the most inter- 
esting the inéivicual flexibility eficctc wilt be econsicered. 
lL. In the consiéeration of the effect cof intercooling, 
curve V-Ah represents 50% compressor intercooling and turbine 
compouncing and curve VI-As represents 100% compressor inter=- 
cooling anc turbine compoundine s Tt is noted that as the 
prersure ratio of the systems is increased in the vicinity 


ef 8 to i there is a markec imvrovement in efficiency. It 


; also noted that this increase in the higher pressure ratios 


Q 


1 


¥ 


is not very sensitive to the efficiency of intercooling. The 
relative increace in outout is noteworthy. We may concluce 
that with combined com sounding we can exnect a profound im- 
provement in efficiency. “utput increase is consicerabdle 
even whe we coneiéer the intercoolin:e of 50%. 

ee AS has been diseussed in Section IV A the regener- 
ator effect is important in the consideration of any gas tur- 
bine unit. Curve V-By, represents the regenerator effect upon 
turbine compounding ang curve VI-Bs represents the effect upon 


the system of compressor compounding 100% intercooling. As 


suggested in section IV-A we are assuming &@ mean temperature 
aifferential of 150 degrees to limit the size of the regen- 
erator. In analysis the oversal! efficiencies of tne cycles 
are improved but the effec t on output is not very great. 
This method of heat utilization merely reduces the fuel con- 
geumrtion by the transfer of heet from the exnaust gases to 
the air pricr to entering the combustion chamber. 

3. In the study of the effect of bleed-off utilization, 
curve V-Cy, representr the bleed-off effect upon the 50% 
pedanowes ting compressor anc turbine compounding, curve V-by 
represents the same system as curve V~-Cy with the effect of 
a resenerator added; compressor and turbine compouncing, 
curve VND, represents the same system as curve VI-Ce with 
regenerator effect addcec. In analysis as the pressure retio 
is increased in the systems the efficiency of the base cycle 
goes up, thus making larger quantiti es of eir at nigher ten- 
peratures available for bleed-off utilization. As the press- 
ure retio of 8 to 1 is reached the optimum efficiency and out- 
put coméitions are reached and the effect then levels out, 
very much in keeping w ith the tendencies of the base cycle. 
We may thus cconcluce that with combined compounding in the 
vicinity of pressure rstios of 8 to 1 we may expect a marked 


increase in efficiency and output. 


Se Practical Aepects of Results an@ Recommendations. 

In réview of the results obtained from the theoretical 
analysis of s tability conditions of the gas turbine unit, 
the matnenatical eeta, anc the interveratation of these 
results; it arcvears thst pleed-off utilization would serve a 
very practical rurpese. The flexibility of the unit would 
merely bé a matter of preparing a echedule of bleed-off and 
read justing existing schecules to conform with the new re- 
quirements. The problem does not resolve itself so simply, 
for although soot results were obteaine? f rom bleed-off 
utilization with regard to efficiency and output increase; 
there fsaine were predominant in units of varying Ccezree of 
Co: lerity With adéeitions of compressor intercoolere and 
turbine com»=ciumding combustion chambers. (One of the great- 
ect acvantages of the gas turbine in its present day devel- 
opensit nas heen tee factor simplicity, the unit so assem- 
bled with al] the apraratus on one shaft and no water re- 
Guired in any of its various stages. The fector of com- 
plexity coulc easily be conéoneé if the unit would justify 
the acciticnal exnense via adéec increace in output and 
efficiency. This is not 4m the realm of practicality in 
bleec-off utilization for it is noted that in the unites ch 
Bowing goo0c gains in efficiency ane out ut the »reesure 
retio is in the vicinity of 8 to 1. The assumotion made 


reiative to comprersor efficiency equal to .&5 would not 


woulée not hold at such high pressure ratios. Thus the 
results obtained as shown in curves V and VI would not hola 
in view of present day comorescor development. The cains 
in efficiency ane output woulec thue have to be mocified and 
caleulations with this factor in min¢ show a dGrastic drop 
in efficiency an 4 outout. After careful censideration it 
is the opinion of the author that in vier of present Gay 
units anc ¢evelcpment the preosal of bleed-off utilization, 
an® thus flexibitity, would net warrent the excenee of the 
ac@éitional turbine wheel. 

In keeninz Frith the impertent thought of gas turbine 
flexibility the euthor wishee to propose other avenues in 
search of this coal. Wet compression in the high pressure 
ratios merits the investigation. of further analysis. 
Centrifugal turbines have ar-used some interest anc a@ com 
nlete analysis would be an important contribution. Compos- 
ite com-ressors, combining axial flow stsszee with centrifugal 
stexes, present interesting poscibilities for «as turbine 


units of greater flexibility. 


Ve SABFLE CALCULATIONS 


Tt ie the purpose of thie section to lllustrate the 
method anc principles used in the calculation of mathematical 
material in this paper. At thie point 1t would be appropriate 
to ciseuss the accuracy of the results obteined. For ease of 
com putation the specific heat of the exhaust gases is assumed 
to be that of air; although this methoc of computation does 
not give absolute accuracy; the errors involved due to this 


assumption are so sme@ell as to be a 





Given ante: To 2 530°R 


= 85 
P 
Top = 1500°R My = 85 zo - 3 
k (for comprersion) s 1.395 , k (for expension) s 1.35 
ep {( * 4 )2 ie , ep ( " . ) = 2644 


The gen e ral energy equation 
(1) of fA AQ e Cyat A 1 Pav Ad vaP A 1 v av 
J J JE 
In analysis if we use total teapersturen the velocity term in 
the general energy equation will fall cut. Since we can assume 


in this besic development that the comoression is adiabatic(aQaeO) 
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(2) aL = C_at # 1 Pav A 1 VaP 
’ J J 
Now knowing Pv sas kT 


(3) Pav # VaP - RAT and substituting in (2) 


(4) au - c at A RAT = (CYAR) AT = CAT 
“a Vv 


VA Simple Cycle 


A. Thus the work cone by the compressor in compressing 


the air is 


? 
nm aes ™ Cpa? 
To 


(6) Ls Fy Cp (To)-To) ideal 
( To1*To) actual 


(7) Le = Wz Cp 
c 


(5) Zon . Pow * 2 "01 = To Boy 
t. Po 


To] = 530 (a)°283 . 787° R sdeally 


(9) Lo = .241 (257) s 13 BTU/1b. air compressed 
055 


B. Turbine Calculations 
k for atr at 1500°R = 1,350, Cy s 2644 
kel 0259 ; 
(1) To2 = Poo k ; 500 = (4) ; To% - 1500 s 1045°R 
(2) Le = Cy Ne (To2-To3) wz (2644) (.85) (455) 
Le = 102.6 BTU/1b air compressed 

Now net work available for po wer and bleed off is 

(3) 102.6-73 - 29.6 BTU/1b. air 


and since we are assuming that we will be at half load there 
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Will be 14.8 BTu/ib. air available for power purposes and 14.8 


BTU/1b air available for b leedoff to atmosphere. 


C. In order to calculate the efficiency of the cycle we must 
find * the weight of fuel necessa ry to anatatn the cycle 
unéeer concitions of half loac. Fuel used will be kerosene, 
with a 7..4.¥. equal to 1¢00 BTU/1b. 

The weight of air for net power purposes will be from work 

term balance) 
(1) 73 Wy 4 29.6 ¥, = 102.6 (Wy-W,) 
Wy = 224 1b air/sec 

Writing a heat balance for combustion we obtain 


Toe | 
(2) Wy-Wx Chat zWH = 19590w 


Tol 
(3) Cp average = .241 ¢ .264 = .257 
2 
(4) w = .776 (.257) (668) = .00727 1b fuel/1b air/sec 
19000 
Cp2 
Ngele ad Cpl (17 w) Nt, (Toa°T ) _ he (Eo =f ) 
cos Tigh (T92-To2) actual 


Reycle = 14.3 BTU/1b air/sec a 0885 a t half load 
1 »5 BTU/1b air sec 


De From the 14.8 BTU/1b air bleed off we will try to reclaim 
some work via turbine wheel as provosed. We will assume eff- 
iciency equals .60 for this seperate turbine wheel. We know 
that the temperature of this bleed-off air is the discharge 
teaperature of the compressor. 


To, = 832° R actual, T, = 530° R 


9) 
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Poy 2 4, Cy = -241 , Wyo = .112 1b. air/sec. 

Po 
Thus with this given date the acditional amount of work 
obtainable is 

(1) L = Wye Cp ny (1 5,2T_)2(.112)( .6)( .241)(302)"5.75 BTU 1b air 
The cycle efficiency with utilization of bleec-off air as 


proposed w ill now be 


(2) Nn 14.8 of BTU/1lb air - at half load 


eyele 160.5 BTU/1b @ir = 


Ee Percentage increase of effic iency 


(1) i = .277 


F. Percentage inc rease of output 


(1) ~t = 389 


VB Compounding the Compression - 50% Intercooling 


A. We shall accomplish the compression in two stages such 


that Pog. Po) or Poa = (Po Po1)?, Which yields minimum 


Po =s-~wPoa 
work. The intercoolin g reduces the temperature of the air 


at Poage When the teaperature of the air is recuced to the 


temperature of the air at P, it has been subjected to what 
may be called perfect cooling. 

=i 

k  < 530 (1.216) » 640°R 


all Lal 


(1) Po 4 2 3 Toas To P 
a 
ideal F, 


(2) Lei® Wi C, (Tog To), -241 (110) | 31.3 BTU/1b air 
Ne a 


With 50 per cent intercooling Ty, = 595° R 


B. 
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(3) Toz 
(4) Loa 


595 (1.232) = 732° R 


24) 57) = 38.8 BTU /lb air 


(5) Ley # Lep @ 70.1 BTU/1b air 


Turb ine Calculations 


(1) (1) from VAeB ly # 102.6 BTU/1b air 


Net Vork 


Ce 


(2) 102.6 -70.1 = 32.5 /lb air 
Tol actuay = 756° R 
(1) 69.2 WyA 35.5 Wye 102.6 (1 -W,) 


Wy = e257 lb air/sec/lb compressed air 


SOlving for fuel air ratio as 1s VA=-G-(2),(3) 


D. 


Ge 


(4) we .743( 257 6) = .00765 1b fuel/ib air/sec 
19000 


(5) Novcre = 16,25 BTU/1b air /sec = .0870 at half load 
155.5 BTU/1b air/sec 


Solving for increase in turbine work by use of bleedoff air 
(1) Le .178 (.241)(218.5) = 6.61 BTU/lb air 


(2) Neoycle = 16 ee | 6.61)2 elOl 
156.5 


Percentage incree.c of efficiency 


(1) .014 = .161 
00570 


Percentage increase of output 


(1) 6.62 = .409 
16.2 


“Olving for inereasve in turbine work due to bleed-off air 


Plus regenerator effect. 


(1) Le 6.61 # 3.62 = 10.23 BTU/1b air 


1. 


(2) Neyele = —— a 0142 


H. PYPercenteags inerease cf efficiency 


(1) ne 062 


I. Percentage increase of cutput 
16.2 


Comoounding the Compression = 100% Intercoolin 





A. Compressor 
(1) Ly = 33 BTU/1b air for lst stage 
(2) Loo = 33 BTU/1b air for 2n 4 stage 
(3) Ley # Lea 2 66 BIU/Ib air 

Be. Turbine Calculation 
(1) from VA“-B L, ¢ 102.6 DTU lb air 

Net Work 

(2) 102.6 - 66 @ 36.6 BTU/1b air 

el actual 2 ©65-5° " 

(1) 66 Wy £ 36.6 Wy, 2 102.6 (%,-W,) 


Cc. T 


Wy = 262 1b air/sec/1b air 
Solving for fuel air ratio es VAec (2), (3) 


(4) we .738 (25 833.5) = .0083 1b fuel/lb air/sec 
19000 


(5) n s 18.3 BTU /lb a =- .088 
dt 203 8TU/1b air/sec 


D. Solving for increase in turbine work by using bleed-off 
air as proposed 


(1) Lam .131(.241)(136.5) = 3.04 BTU/1b air 
= e e O4 = = 02 
(2) ahs 2(18 2 # 3.04) = 1 


a*} 


e FPercenterce increere of efficiency 


(3) e314 4 Se 
ate} 


208 
Fe. Percenta@e increase im output 


(1) 004 a Op tea) 
| LS. 






Yo Conrouncins the Turbine 


A,» The large surpiuse of air nesta? te veep the mexilaua 





tewrer ature of the h ot es ege to a reasoneble level is in 
eanaiyeiac 2 detriment to high efficiency. The fuel supply is 
liajsec ts: @n anount needed to raise the tenrernture of the 
air frees Ty t o Teg. Te now srrange the expencion in the 

t urbiqe in twee etemec, Sy peasing the exhauct gases Prom 

the firs4 tteape t- a heetiag chamber the original mexisum 
teacer’':re is revrtered te the gases. In thie aanner We can 
investionte the goerib!titler of a more efficient way in which 
to use tie @ir. 


‘L) Pop # Po2 3 this ratio assumed because it yields 
2 


higher efficiency tt 










= Geometric neé@n between Pa anc Ps 


1 1500 = (2)°°°F Top2 1500 = 12509 R 
Tob 10197 


(4) Lea & Gp %, (Team Top) = 56-3 BTU/ Ib air 
(5) Ler # Leo 2 212.6 BTU/ib air 


How net work avaliable for power av Dlwe@teofrf ia 
(G) it2s6-73 = 39.46 wM/Ib air 


therefore 19.5 STU/lb ely 15 Beeltasoe for Slee -of{ to 


Se Welebt of air for net power surseres wit) bes 
(1) 73% 4 5906 9 = 11266 (Wy-,) 
Rs «252 lb air/see 


Ce “eight of feel wee 





(2) 7° 
3.2 
(2) Teycle Sa e089 at half load 


De Effie ienevy caleviation wit rage1greior 


( ) a | 
1) “eyele = ~ oil @t heal! tos@ 


VE Recenerator with Compnresscr and Turbine Comvounédi 








A. In this section of the paper we will give consid- 
eration to the uviilization of the heat valve in the exhaust 
gases in heating the discharge air from the compressor be- 
fore it enters the burner chamber. In thus heating the 
compressed air to a temperature near that of the exhaust we 
have to supply @ cecreasec amount of fuel to bring it to the 
final nme temperature. To limit the size of the heat 
intes-cunener ve will limit the temperature exheust gases to 
120 Gegrees. To illustrate the problem method let us compute 
the added efficiency due to regenerator effec t for combined 
compressor and turbine compounding. (VD- B3) 

(1) Pore 66€.5° R 
(2) Tos = 1294° R 
(3) Top = 1144° R; temperature of air after regenerator 
effect. 
Th e amount of fuel nececsary to raise .708 1b * i : 


air from 1144° R to 1500° R eque is 


(4) wm .708 (.257) (.356) = .0032 1b fuel/.708 1b air 


19000 
which adds hee t equivelent of 5.2 sTfl/lb air to the cycle 
(5) .0032 (19,000) = 6.2 BTU/1b air 


(6) Meycle = it 6.2) = ekh5 


or percentage increase in efficiency of 26 per cent. Addition- 


f hus 


al turbine wheel effect for blee@ off air 


45, 


(7) Neycle = arc = .134 


or percentage increase over (a) in effic iency of 52.2 per cent 
B. Net work available for power anc bleeé-off in the 
various cycles. 
(1) Simple cycle: 112.6-73 |= 39.6 BTU/1b air 


(2) Compressor interc ooling, 50 percent: 112.6=70.1 # 42.5 
BTU/1b air 


(3) Compressor intercoollns 199 vercen t: 112.656 = 46.6 
BTU/1b air 


Ge Fuel weight and efficiency caleulesticns 


(1) Simple cycle 
(a) 73 W, 4A 39.6 W, = 112.6 (W,-W,) 


Wye »260 lb air/sec 


(bo) w = (.74) (.257) (668) ss .0058 1b fuel/ib air/sec 
e) 


1905 


(ce) n 


= 2 . : 
cycle ~ a= * 059 at haif load 


(a) L(increasedc) = (.13)(.241) (302) = 5.65 BIU/1b air 


(e) n = 25.85 = 120 
cycle —- 


Percentese increase of efficiency w= .43 
Percentage increase of sutont = ~346 
(2) Cycle with comprecsecr intercooling, 50% 
(a) 70.1 Wy A 42.5 Wy = 112.6 ("1 -8,) 
Wy = .279 id air/sec 


(bd) w= (.721)(.257)(756) |= .00738 1b fuel/lb air/see 
19 


(e) n = 21.25 = .O&75 at helf load 
cycle Sis" 


(a) L(inerease) =(.139)(.241)(218.5) = 5.2 B¥U/ lb air 
(e) Bevcle = 21.25 £ 5.2 = .109 
(f) Percentage increase of efficiency 2 .24 
(ge) Percentage increase of output = .234 
(3) Cycle with compressor intercooling, 100% 
(a) 66 Wyf 46.6 W, # 112.6 (W, Wy) 
Wim e292 1b air/sec 


(5) Mevere = 25-3 & 0885 
25.3 


(c) we (2708) { 257) (835 25) = .0080 lb fu el/lb air/ sec 
1900 


(d) lef increase)s ( .96)(.241)(136.5) & 4.55 BTU/1b air 


(f) Percentace increase of efficiency |= .13 


(¢) Percentage increuce of ovtout |= .195 
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